Abstract-Zebrafish is an emerging model system for cardiac conduction and regeneration. Zebrafish heart regenerates after 20% ventricular resection within 60 days. Whether cardiac conduction phenotype correlated with cardiomyocyte regeneration remained undefined. Longitudinal monitoring of the adult zebrafish heart (n = 12) was performed in terms of atrial contraction (PR intervals), ventricular depolarization (QRS complex) and repolarization (heart rated corrected QTc interval). Baseline electrocardiogram (ECG) signals were recorded one day prior to resection and twice per week over 59 days. Immunostaining for gap junctions with antiConnexin-43 antibody was compared between the sham (n = 5) and ventricular resection at 60 days post-resection (dpr) (n = 7). Heart rate variability, QTc prolongation and J-point depression developed in the resected group but not in the sham. Despite a trend toward heart rate variability in response to ventricular resection, the differences between the resected and sham fish were, by and large, statistically insignificant. At 10 dpr, J-point depression was statistically significant (sham: À0.179 ± 0.061 mV vs. ventricular resection: À0.353 ± 0.105 mV, p < 0.01, n = 7). At 60 days, histology revealed either cardiomyocyte regeneration (n = 4) or scar tissues (n = 3). J-point depression was no longer statistically significant at 59 dpr (sham: À0.114 ± 0.085 mV; scar tissue: À0.268 ± 0.178 mV, p > 0.05, n = 3; regeneration: À0.209 ± 0.119 mV, p > 0.05, n = 4). Despite positive Connexin-43 staining in the regeneration group, QTc intervals remained prolonged (sham: 325 ± 42 ms, n = 5; scar tissues: 534 ± 51 ms, p < 0.01, n = 3; regeneration: 496 ± 31 ms, p < 0.01, n = 4). Thus, we observed delayed electric repolarization in either the regenerated hearts or scar tissues. Moreover, early regenerated cardiomyocytes lacked the conduction phenotypes of the sham fish.
INTRODUCTION
Aberrant electrical activity of the heart, otherwise known as cardiac arrhythmia, is a leading cause of sudden cardiac death. Approximately 450,000 individuals develop acute loss of consciousness and sudden cardiac death in the United States. 26 Zebrafish (Danio rerio) represents an emerging vertebrate model for cardiovascular research and regenerative medicine, in part, due to the relatively ease of maintenance and breeding and, in part, due to its significant promise for high throughput drug-screening. 5 Recent data supports stem cell based cardiac regeneration in the mammalian systems, 2 and zebrafish myocardium has been shown to regenerate after 20% ventricular resection within 60 days. 17 Whether structurally regenerated zebrafish hearts displayed functionally normal conduction phenotype remained undefined.
Despite a two-chambered heart and a lack of pulmonary vasculature, 16 the zebrafish heart electrocardiogram (ECG) is fundamentally similar to that of humans in terms of P waves, QRS complexes, and T waves. 13, 22 The critical conduction pathways of the zebrafish in cardiovascular development also parallel that of higher vertebrates. 23 The zebrafish heart is encased by a pericardial sac in the thoracic cavity below the pectoral bone, and the atrium is medially dorsal and posterior to the ventricle. The bulbous arteriosus (BA) is analogous to the human aortic arch with thick contractile smooth muscle. Deoxygenated blood returns to the sinus venosus (SA), a structure analogous to the vena cava in humans. Thus, zebrafish is a viable model for developmental biology, cardiac arrhythmia, and drug discovery. 1 Unlike mammals, zebrafish myocardium fully regenerates over a period of 60 days, as evidenced by histology. 17, 19 In response to resection, thrombosis immediately develops to achieve hemostasis in the ventricle. The thrombus is replaced by a fibrin clot at 2-4 days post resection (dpr). Nascent cardiomyocytes replace the vast majority of the lost ventricular tissue by 30 dpr and the structure of the ventricle is fully restored at 60 dpr. 17 Zebrafish heart regeneration has been characterized using molecular, genetic, genomic and immunohistochemical approaches 11 ; however, the cardiac conduction phenotype in the early-staged cardiomyocytes had remained unknown.
Zebrafish cardiac propagation in the regenerated cardiac tissue is a complex process governed by the excitable properties of the tissue and its macroscopic and microscopic architecture. Encouraging results from our laboratory 24 and others 15 showed the feasibility of monitoring zebrafish heart regeneration by the use of microelectrodes. In this context, we assessed the histology-conduction relationship in response to ventricular resection. Zebrafish were periodically sedated for ECG monitoring. Signal processing and wavelet transform were applied to enhance signal-to-noise ratios. 24 Dynamic ECG changes developed postventricular resection, including J-point depression and QTc prolongation. Despite histological evidence of cardiomyocyte regeneration and a gradual normalization of J-point depression at 60 days post-resection, QTc intervals remained prolonged. Our findings suggest that early regenerated cardiomyocytes lacked the conduction phenotypes of the sham fish. Our in vivo regeneration model provides a non-invasive approach to assess cardiac conduction with relevance to future assessment of genetically, 1 epigenetically, 5 or pharmacologically 13 induced cardiac phenotypes.
EXPERIMENTAL DESIGNS AND METHODS

Animals
The animal experiments were performed in compliance with the protocol approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Southern California. Adult zebrafish, 3-5 cm in length, were acquired from Tong's Tropical Fish and Supplies (CA) and maintained under standard laboratory conditions at 24°C. The individual fish were fed daily with brime shrimp (hatched from eggs in 10 mL in 2 L salt water), kept in constantly circulating water, and isolated from other fish for ECG follow-up post-resection.
Heart Resection or Injury
Eighteen fish were divided into two arms: 6 sham operation and 12 apical ventricular resection. Twelve zebrafish underwent apical ventricular resection according to the previously described method. 24 Zebrafish were sedated in 5% Tricaine methanesulfonate (Tricaine). A midline incision of 0.25 cm in length was created posterior to the ventricle and approximately 20% of the apical ventricle was excised by scissors. The control fish underwent sham operation; that is, ventral midline incision was performed without ventricular resection. The zebrafish were returned to freshwater in the presence of a continuous oxygenator. Five resected fish and one sham fish died. Results from the 5 sham operated fish and 7 surviving fish (#1, #2, #3, #6, #7, #11, #12) with ventricular resection were analyzed for serial ECG recordings, histology, and immunostaining for gap junction protein Connexin-43.
ECG Recordings and Signal Processing
Baseline ECG signals were recorded one day prior to ventricular resection and repeated ECGs were performed twice every week for 59 days following resection. In parallel, ECG signals were recorded from 5 control sham fish (midline incision without heart resection) over the identical period.
The ECG measurements were performed using a modified technique. 24 The entire recording processes were performed in a Faraday cage to shield interference from electromagnetic radiation. Two 29-gauge stainless steel micro-electrodes (AD Instrument, Colorado Springs, CO) were positioned at 90°to the animal's ventral epidermis. The recording electrode was positioned directly above the ventricle and the reference electrode was positioned along the midline immediately in front of the anal fin. Both electrodes were inserted into the skin to approximately 1 mm in depth. The fish was allowed to recover from sedation within 5 min in an oxygenated water bath free of Tricaine.
Longitudinal ECG signals prior to and 59 days post-resection (dpr) were recorded from 12 zebrafish. The ECG signals were amplified 10,000-fold (A-M Systems Inc. 1700 Differential Amplifier, Carlsborg, WA) and filtered at a cut-off frequency of 60 Hz (notch) and between 0.1 and 500 Hz. The signals were acquired and digitized at a sampling rate of 1000 Hz (National Instruments USB-6251 DAQ device, Austin, TX, and LabVIEW 8.2). To enhance signal-to-noise ratios (SNR), we digitally processed the signals using the wavelet transform and thresholding Matlab algorithm (Matlab: Mathworks Inc, Natick, MA) developed in our laboratory. 24 The parameters used in the algorithm allowed for systematic recordings for QRS and QTc intervals regardless of electrode placements or the cardiac vector orientations. 13 J-point depression (J) was computed as the difference between J-point and baseline (signal level prior to P wave) normalized to the QRS voltage signals. J values for the sham and regenerated ventricles with and without residual resection/scar tissue were compared. QTc intervals were computed by normalizing to the heart rates using the standard Bazett formula. 24 
Histology
At 60 days, the zebrafish hearts were isolated and fixed with paraffin for 5 lm slides. The slides were stained with Acid fuchsin orange G (AFOG) and mouse polyclonal Connexin-43 (CX43) antibody (1:4000) (Sigma-Aldrich, MO, USA). Fibrin and collagen were stained orange/red and blue, respectively ( Fig. 1) using the AFOG staining. Using the Connexin-43 antibody staining, Connexin-43 positive tissue was stained light brown and negative tissue was stained light blue. The atria were used as the positive control and the bulbus arteriosus as the negative. Photos were acquired by the microscope (Leica DM LB2, Leica Microsystems, Germany) coupled with a CCD digital camera (Spot RT-KE, Diagnostic Instruments, MI, USA).
The specificity of the mouse Connexin-43 primary antibody was verified by using the same antibody for western blotting on ventricle myocardium tissue collected from intact fish. Isolated tissue were lysed in proper volume of RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate supplemented with protease inhibitor (PI) cocktail) and phosphotase inhibitor cocktail at 4°C for 30 min. After centrifugation for 5 min at 4°C, supernatant was collected as whole cell lysates. Protein concentration was determined with DCP protein assay kit from Bio-Rad Inc. (USA). Samples with equal protein amount of lysates were run on a 4-20% gradient SDS-PAGE gel. The proteins were then transferred to PVDF membrane and blotted with primary and secondary antibodies. Signal was developed with Supersignal Western Pico (Pierce) and recorded with FluorChem FC2 (Alpha Innotech Inc., CA, USA). Densitometry scan of Western blot were with the software come with FluorChem FC2 machine.
Statistical Analysis
Numerical data will be expressed as mean ± standard deviation. Statistical analysis was performed for comparisons between sham and resected fish as well as among separate experiments. For comparisons between two groups, two-sample independent-groups t-tests were used. Comparisons of multiple mean values are made by one-way analysis of variance (ANOVA), and statistical significance among multiple groups is determined using the Tukey procedure (for pairwise comparisons of means between sham and ventricular resection). p values of less than 0.05 are considered statistically significant.
RESULTS
Adult Zebrafish Heart Histology
The histological evidence of cardiac regeneration provided a basis to evaluate the status of the heart 2 Although endo-, mid-and epicardial layers seemed indistinct, trabeculation was notable in zebrafish heart. 23 The variations in cardiomyocyte ''density'' or otherwise known as wall thickness were mainly due the different cardiac contractile stage between systole and diastole at which the heart was arrested and fixed for histology preparation. A, atrium; V, ventricle; BA, bulbus arteriosus.
regeneration at 60 days. While the Acid fuchsin orange G staining showed regenerated fibrin tissue (orange) within ventricles ( Fig. 1) , immunohistochemistry revealed the regenerated cardiomyocytes and fibroblasts (Fig. 2) . In light of the paucity of available zebrafish antibodies and their lack of specificity, we verified the polyclonal rabbit CX43 antibody by performing western blotting on zebrafish ventricular myocardium (Fig. 2a) . The protein band corresponded to the 40 kD reference band confirming the molecular weight of CX43. However, the presence of three other bands suggested non-specific bindings. Nonetheless, the brown staining represented presence of cardiomyocytes in the ventricles at 60 dpr (Figs. 2b and 2c) compared to the blue negative staining for bulbus arteriosus and nucleated erythrocytes. Moreover, cardiomyocytes displayed the characteristic muscle striations in reddish-brown.
Histological evaluation revealed that three fish developed incomplete heart regeneration (#2, #6 and #12). Compared to the sham-operated fish with intact cardiac boundary (Fig. 2b) , the fish heart associated with incomplete regeneration exhibited ill-defined boarder or injured sites associated with a negative CX43-staining (Fig. 2c) . In contrast, four fish developed complete regeneration (#1, #3, #7, #11) associated with a positive CX43-staining resembling to that of the sham fish (Figs. 1b, 5d and 5e ). There was no histological difference in CX43-staining density between the regenerated and sham myocardium.
ECG Recordings and Signal Processing
The initial ECG signals were recorded at 1000 Hz (Fig. 3a) . Wavelet transform was performed by breaking down the signals into 10 frequency segments ranging from 0 Hz to the Nyquist frequency (1/2 of sampling frequency, i.e. 500 Hz) (Fig. 3b) . 24 The individual frequency ranges contained different levels of signal components amidst the noise, which was suppressed by the set threshold value (Fig. 3b) . Generally the signals from frequency range 0.98 Hz to 7.8 Hz were kept entirely to preserve T wave. 24 The final processed ECG signals were re-constructed by inverse wavelet transform after noise reduction (Fig. 3c) . The major features of the ECG were retained while signal-to-noise ratios were significantly improved.
ECG of the Sham Fish
In the sham fish that underwent ventral midline incision without ventricular resection, specific ECG features and intervals remained statically unchanged over the period 59 days post-resection (dpr). Distinct P waves, followed by QRS complexes, were noted. T waves were visible but not prominent at day 0 (Fig. 4) . The QTc intervals were similar to the baseline (p > 0.05, n = 5), suggesting preserved ventricular depolarization and repolarization. The corresponding immunohistochemistry at 60 dpr revealed intact heart associated with brown staining for CX43 in both atrium and ventricle, light blue for bulbus arteriosus (as a negative control), and dark blue for nucleated erythrocytes (Figs. 4d and 4e) . 
ECG of Fish with Scar Tissues
Representative ECG recording (fish #12) revealed scar tissues at 59 dpr. P waves and QRS complexes remained unchanged compared to ECG recordings prior to resection (Figs. 5a vs. 5c), suggesting preserved atrial and ventricular depolarization. Dynamic changes in ECG depolarization and repolarization patterns, particularly, J-point depression and QTc prolongation developed post-ventricular resection (Fig. 5b) . QTc intervals remained prolonged at 59 dpr (Fig. 5c ). J-point depression accompanied with ST-T changes remained statistically significant compared to the sham at 52 dpr (p < 0.01, n = 3). However, J-point depression was no longer statistically significant at 59 dpr (p > 0.05, n = 3). Overall ECG patterns displayed similar features commonly observed in human ECG in response to myocardial ischemia, particularly the changes in T wave and ST segments. 25 The corresponding immunohistochemistry showed scar tissues at the apex (Fig. 5d ). Dark blue staining over the epicardium and around the scar tissues indicated absence of CX43 staining (Figs. 2c  and 5e ). Thus, our findings suggest that ventricular resection and incomplete regeneration engendered delayed J-point normalization and prolonged QTc intervals.
ECG of Fish Undergoing Ventricular Regeneration
Representative ECG recordings (fish #7) revealed dynamic changes despite histological finding for complete ventricular regeneration at 60 dpr. ECGs prior to resection showed distinct P waves, followed by QRS complexes, and non-prominent T waves (Fig. 6a) . At 31 dpr, T waves became prominent, accompanied with prolonged QTc intervals; and J points were depressed, accompanied with notable ST-T changes (Fig. 6b) . At 59 dpr, QTc intervals remained prolonged (p < 0.01, n = 4) while J-point depression appeared to normalize to the baseline (p > 0.05, n = 4) (Fig. 6c) . Immunohistochemistry at 59 dpr revealed brown staining for CX43 in the ventricles, and the regenerated cardiomyocytes were indistinguishable from the surrounding tissue (Figs. 6d and 6e) . Hence, our findings suggest that ECG repolarization remained prolonged in the early-staged cardiomyocytes. 
Cardiac Resection and Heart Rate Variability
The recorded fish heart rates ranged from 500 to 1500 ms over the period of 60 days. The heart rates could be influenced by the level of sedation. 7 To account for individual variability in response to tricaine, we normalized the standard deviation of RR intervals by the mean RR intervals for all of the recorded ECGs. The calculated values, Var (0 < Var < 1), indicated the degree of variability for a particular ECG recording. Higher Var values associated with a greater variability. The Var values for the individual ECG recording intervals for sham (n = 5) and resected fish (n = 7) were grouped together and were presented as mean ± standard deviation vs. days post-resection (Fig. 7) . During the first 17 days, the heart rate variability of sham and resected fish were similar. After 20 dpr, the resected fish group showed higher variability compared to the control. However, the variability was statistically significant at merely 3 time points; specifically, 27, 52, and 55 dpr. Given other confounding variables such as hypoxia and sedation, ventricular resection alone may not be an independent predictor for heart rate variability.
Dynamic Changes in J-Point Depression
Next, we assessed changes in J-point depression between the sham and ventricle resection. Mean J points for the sham (n = 5), regenerated ventricles (n = 4), and scar tissues (n = 3) were compared (Fig. 8) . At 10 dpr, J-point depression became statistically significant for both the regeneration group (p < 0.01, n = 4) and scar tissue group (p < 0.01, n = 3). At 52 dpr, J-point depression remained for the scar tissue group. At 59 dpr, J-point became statistically insignificant for both the regeneration and scar tissue group. 
Dynamic Changes in QTc Intervals
Periodic mean QTc intervals were compared over 59 days (Table 1 ). Starting at 3 dpr, the QTc intervals were significantly different between the sham and fish undergoing ventricular resection (p < 0.01, n = 7). The QTc intervals were not significantly different between fish undergoing regeneration and those with scar tissues (p > 0.05, n = 4 and 3, respectively). However, distinct QTc prolongation was observed for fish undergoing ventricular resection compared to the sham (Fig. 9) . While the QTc intervals of sham (blue diamond) remained statistically unchanged, ranging from 275 to 350 ms, the mean QTc intervals remained prolonged for both the regeneration (fish #1, 3, 7, and 11) and scar tissue groups (fish #2, 6, and 12) at 59 dpr (p < 0.01, n = 7). Taken together, fish that underwent ventricular resection developed prolonged QTc intervals despite positive cardiomyocyte staining for Connexin-43 after 59 dpr (Fig. 3) ; those that developed scar tissues developed a more accentuated J-point depression between 10 and 45 dpr (Fig. 8) .
DISCUSSION
Zebrafish cardiac conduction in the regenerated cardiac tissue involves the excitable properties of the tissue and its macroscopic and microscopic structure. In this study, we established an in vivo model for the study of conduction phenotypes in the regenerating zebrafish heart. By using the microelectrodes, longterm assessment of PR, QRS, and QTc intervals revealed dynamic changes in response to ventricular resection. Histological analysis also revealed presence of gap junctions such as CX43 in the regenerated cardiomyocytes. Despite a gradual normalization of J-point depression, ECG repolarization was not normalized to baseline as compared to the sham. Moreover, early regenerated cardiomyocytes lacked the conduction phenotypes of the sham fish. Our findings pave the way for a non-invasive platform to assess cardiac regeneration and conduction phenotypes for small animal research with relevance to understand cardiac arrhythmias.
Using zebrafish as a vertebrate model system holds promise for understanding cardiomyocyte conduction. Diverging from the mammalian ancestry 450 million years ago, zebrafish possess the essential common anatomy of humans. 16 Understanding heart regeneration in a vertebrate model system is highly relevant to public health concern. Myocardial infarction results in irreversible loss of cardiomyocytes in the heart. 20 Injured human hearts heal by scarring, which leads to remodeling and heart failure. 6 In contrast to mammals, zebrafish myocardium fully regenerates after 20% ventricular resection, 17, 19 thereby providing a genetically tractable model to investigate molecular mechanisms of cardiac myocyte regeneration.
Our longitudinal study demonstrated that zebrafish displayed two gross histological findings ensuing ventricular resection: (1) cardiomyocyte regeneration (fish #1, #3, #7 and #11) and (2) regeneration with scar tissue (fish #2, #6 and #12). All of the fish that underwent ventricular resection developed QTc prolongation and prominent T waves, accompanied with J-point depression. Furthermore, J-point depression was more accentuated in fish displaying scar tissues from between 10 and 45 dpr. Long QT phenomenon has an important clinical implication for sudden cardiac death. 18 The long QT syndromes (LQTS) are due to delayed repolarization of cardiac myocyte action potential, thereby predisposing individuals for torsade de pointes, a lethal form of ventricular tachycardia, leading to fainting and death. 3 The common in-born etiology of LQTS is associated with a host of mutations in the rectifier potassium channels. The common exogenous etiology is linked with drug toxicities (class III potassium channel blockers or psychoactive drugs).
8 Prolonged QTc reflects delayed repolarization of action potential. Dysfunctional inward rectifier potassium channels such as IKr may be implicated. 21 Myocardial ischemia and stem cell therapy also constitute the substrates for LQTS.
12 J-point depression is implicated in myocardial ischemia. A decrease in coronary blood perfusion predisposes an individual to develop myocardial injury, leading to heart attack otherwise known as coronary syndromes. Hence, prolong QTc intervals and J-point depressions represent myocardial phenotypes of tissue injury in response to ventricular resection.
The dynamic changes in zebrafish ECG recordings provided a non-invasive means to assess conduction otherwise hampered by the lack of a suitable human model for heart regeneration. While normal function of ion channels, receptors, and cytoskeletal proteins contributed to repolarization of the cardiac myocytes, prolonged QTc intervals suggest an alteration in repolarization. Milan et al. reported that agents known to induce QT prolongation in humans also led to QT prolongation in zebrafish. 13 The authors identified 15 repolarization genes implicating in a network of transmembrane and cytoplasmic proteins that modulate ion channel function, underscoring zebrafish as a faithful model for human cardiac repolarization.
14 Using the zebrafish model for long QT syndromes in humans, Arnaout et al. demonstrated that mutation in the kcnh2 gene, which encodes the channel responsible for the rapidly activating delayed rectifier current (IKr), accounts for 45% of long QT syndrome 1 and results in the inability of zebrafish to generate action potentials and calcium release. While kcnh2 mutation was lethal in homozygous embryonic zebrafish, heterozygous kcnh2 mutation manifested delayed ventricular repolarization and prolonged QTc intervals in anesthetized, paralyzed adult zebrafish. 1 In the era of stem cell and regenerative medicine, there is a considerable interest to assess the phenotypes of early regenerated cardiomyocytes. Albeit the advances of molecular imaging and ultrasound modalities to follow stem cell fate, gene therapy and cardiac function, 4 the emerging concern in cardiac stem cell therapy and tissue engineering is cardiac toxicities that can manifest clinically as atrial or ventricular arrhythmia. Hence, assessing zebrafish QT intervals in response to ventricular injuries provides a novel approach to address cardiac arrhythmia or long QT syndromes in the early regenerated tissues. 1, 18 Analogous to human myocardial injury, in our study, QT prolongation in zebrafish was induced by surgically resecting~20% of the ventricular myocardium.
We observed that prolonged QT intervals persisted despite histological evidence of complete ventricular regeneration. Antibody staining for Connexin-43 was positive in the regenerated cardiomyocytes; however, early-staged cardiomyocytes might not have fully expressed potassium channels necessary for excitation and contraction coupling. Thus, the resected fish could be at risk for cardiac arrhythmia in response to pharmacological perturbation. QTc control (ms) 347 ± 41 320 ± 32 337 ± 47 289 ± 32 326 ± 43 325 ± 60 299 ± 14 348 ± 64 311 ± 24 325 ± 42 QTc no scar (ms) 306 ± 17 495 ± 57 541 ± 18 521 ± 54 554 ± 11 535 ± 27 545 ± 15 528 ± 53 530 ± 48 496 ± 31 QTc scarred (ms) 322 ± 18 450 ± 65 472 ± 67 577 ± 37 499 ± 45 502 ± 10 531 ± 18 527 ± 41 543 ± 55 534 ± 51 p value for one-way ANOVA test Periodic mean QTc intervals of fish undergoing ventricular resection were compared with the sham over 59 days. The differences in QTc intervals between the sham and resected ventricles were statistically significant starting at 3 dpr (p < 0.05, n = 4 and 3, respectively). However, the QTc values between regeneration and scar tissues were statistically insignificant (p > 0.05, n = 4 and 3, respectively).
Overall, our in vivo model provided a basis for the assessment of cardiac conduction phenotypes in relation heart regeneration, allowing for a non-invasive and longitudinal approach to assess gene regulation and ultra-structural functional properties of regenerated cardiomyocytes. 10 Recently, the use of microelectrode array (MEA) mapping technique opened new avenue to assess the functional syncytium 9 and to perform high throughput phenotyping of genetic deletion or over-expression, as well as lethal mutations otherwise infeasible in transgenic animals. Zebrafish regeneration model provides limitless opportunities to assess conduction phenotypes with relevance to genetic, epigenetic, and pharmacologic perturbation.
